This method for the specific determination of methanol in serum is based on the following two reactions: CH3OH + 02 aicoho4 oxidase (EC 1.1.3.13)) HCHO + H202 HCHO + H20 + NAD 1.2.1.46)) HCOOH + NADH + H Alcohol oxidase is not specific: it converts all lower alcohols to their corresponding aldehydes; however, formaldehyde dehydrogenase is specific and thus the transformation of NAD to NADH (which is used to monitor the reaction) proceeds only if methanol is originally present in the sample. The method was automated with a Roche COBAS FARA#{174} centrifugal analyzer. The calibration curve is linear between 0.6 and 12 mmol/L. The detection limit is about 0.6 mmol/L.
the patient. Moreover, hemodialysis is frequently used to accelerate the elimination of methanol, and this treatment must be accompanied by frequent methanol determinations in serum or plasma to monitor its efficacy and to determine the amount of time necessary to complete the dialysis (7) .
The method used in the clinical laboratory for the determination for methanol must be highly specific, unaffected by the other alcohols that may be present in the biological fluids. Methanol poisoning requires emergency treatment; thus, the results of methanol determination must be available in the shortest possible time, 24 h a day.
The most popular techniques for determination of methanol in biological fluids involve gas chromatography as the analytical principle (11, 12). These methods are highly specific and have supplanted the nonspecific microdiffusion methods for alcohols. The use of capillary column chromatography was also described (12). The main advantages of the gas-chromatographic methods are that they allow quick and simultaneous determination of many alcohols in the same specimen within the same sample injection, and pretreatment of the sample is minimal. Unfortunately, these methods suffer from unstable chromatographic conditions, and special instrumentation, not available in all clinical chemistry laboratories, is required. Because of these major limitations, they are not usually available on a 24-h basis.
In colorimetric methods (13, 14) , methanol is oxidized with permanganate to formaldehyde, which is measured colorimetrically after it is reacted with chromotropic acid in the presence of strong sulfuric acid. This method lacks specificity, and the use of highly concentrated acids is not convenient.
The use of the osmolar gap, as calculated from the osmolality measured with instruments relying on change of the freezing point as measurement principle, is useful to detect alcohols in serum, but is neither quantitative nor specific (15, 16).
A nonspecific enzymic method for alcohols was described previously and applied to the determination of serum methanol (17) . In this method alcohol oxidase (EC 1.1.3.13) is used to convert all lower alcohols to their corresponding aldehydes in the presence of oxygen. Hydrogen peroxide, which is generated with most alcohols, is monitored by amnperometric measurements.
Here I describe a new enzymic assay that is specific for methanol, being unaffected by the other alcohols or by the various methanol metabolites. The method has been fully automated and could be performed on a 24-h basis. It relies on the following principle: methanol is first converted to formaldehyde by the action of alcohol oxidase,
HCHO + H202
The formaldehyde is converted specifically to formic acid by the action of formaldehyde dehydrogenase (EC Of the lower alcohols, only methanol is converted to formaldehyde by action of alcohol oxidase. Because formaldehyde dehydrogenase is highly specific for its substrate, the assay is specific for methanol. The reaction is followed by the increase in absorbance at 340 nm. Vortex-mix for 5s and aspirate into the flow cell thermostated at 30#{176}C. Two absorbance readings at 340 nm must be taken, at 5 s and 240 s after the aspiration. The instrument (CP 5000) automatically calculates the changes in absorbance during the 240-s period. The calibration curve is obtained by drawing a straight line through the points relating the absorbance readings and the calibrators concentrations.
Materials and Methods

Apparatus
Automated determination:
In the automated analysis, the enzymic reagent is used as the instrument reagent and the alcohol oxidase solution as the start reagent. The instrument transfers simultaneously 4 pL of the sample and 175 jIL of the enzymic reagent in the rotor. Then, after a preincubation period of 300 s at 30 #{176}C, the instrument adds 20 L of the alcohol oxidase solution. During the incubation period that follows, the instrument records 11 data at 30-s intervals (total incubation time, 300 s) and calculates the mean rate of increase in absorbance, which is used to construct the calibration curve by linear regression and to obtain the concentrations in the unknowns.
Results and Discussion
Alcohol oxidase is a high-molecular-mass enzyme (600000 Da), which acts on most lower alcohols to convert them to their corresponding aldehydes. Although its is not specific for methanol, its K for this alcohol is at its highest. It shows an optimal pH in the range 7.5-9.5 and its temperature optimum is near 30 #{176}C (18).
Formaldehyde dehydrogenase is smaller, is made up of two subunits (2 x 40 000 Da), and shows activity over a wide range of pH (19). Because its optimal temperature differs from that for alcohol oxidase, I first examined the effect of incubation temperature on the enzymic activity in the measuring system for methanol determination.
The media were prepared as stated in Materials and Methods (manual method) with the phosphate buffer at pH 7.6. The changes in absorbance over a 240-s period were measured with a sample containing methanol at 12.6 mmoll L. The optimal temperature was 30#{176}C (Figura 1). The overall enzymic activity is less sensitive to changes in the pH of the medium than to changes in the temperature, as shown in Figure 2 : when the pH was varied from 7.3 to 8.7, the maximal variation in the enzymic activity was 16%, indicating that the system is just slightly sensitive to pH. However, pH 7.6 seems optimum.
The nature of the buffer used in the assay has a great effect on the enzymic activity. In a Tris buffer, the activity is much lower than the one measured in the phosphate buffer, in which the maximum sensitivity is observed.
It is clear from Figure 3 that the absorbance does not reach a plateau, and this precludes the use of an end-point mode of analysis. The conversion of methanol to formaldehyde seems to be the rate-limiting step. In fact, when formaldehyde is added alone in the measuring system, its transformation is completed in a few minutes, even for very The quality of the reagents can be evaluated from the change of absorbance measured with the highest-concentration calibrator (12.5 mmol/L). This change must typically exceed 0.400 A with the automated version of the method, 0.300 A with the manual method. The calibration curve is not stable and a new one must be prepared each time the assay is run. Table 1 presents data regarding the precision of the assay. Intra-assay CVs, calculated from the data generated by the analysis of a pool of serum supplemented with known amounts of methanol, are in the range 3-7%. The manual version of the method is as accurate as the automated one, but CVs for the automated procedure are lower for the lowconcentration values, and this gives a better detection limit. The serum-to-serum imprecision was evaluated with van- concentrations. Even in this case, the precision is very good. Evidently, the method is not subject to interference from normal constituents of serum.
When a series of 55 serum samples (leftover sera from patients, submitted for other clinical chemistry analyses and known not to contain methanol) were supplemented with various known amounts of methanol individually and analyzed in various runs by the automated methanol method, the results (y) correlated well with the expected values (x): enzymic = 1.016x + 0.661, r = 0.987 (the concentrations ranged from 1.2 to 10 mmol/L).
As cases of methanol poisoning are infrequent, it has not been possible to make a correlation study with samples from intoxicated patients and with a comparison method. The method was tested for interference from various methanol metabolites, from other low-boiling-point products frequently ingested in cases of poisoning, or from certain drugs ( Table 2) . A pool of sera, which did not contain methanol, was supplemented with methanol to give a concentration of 6 mmol/L. Substances tested for interference were then added at the concentrations stated in Table 2 and methanol was measured by the automated enzymic method. times the standard deviation from the true value) was observed in all cases. In cases, the concentrations of these products tested for interference would correspond to toxic concentrations in serum. To assessinterference from some normal serum constituents (biirubin, triglycerides, and hemoglobin), we used serum samples already analyzed for these constituents and 14 8 showing high values for them. We supplemented the sam-8.0
No significant interference (deviation greater than two
ples with methanol to give the desired concentration (6 mmol/L) and assayed. No interference was observed from these icteric, lactescent, and hemolyzed samples. The interference study with formaldehyde was the most difficult to do. Formaldehyde is a gas and is commercially available in solutions that are stabilized with methanol. A 12.3 molfL formaldehyde solution (Fisher Scientific Co.) was used as the stock solution to prepare serum samples containing known amounts of formaldehyde. This solution, analyzed by gas chromatography for methanol, was found to contain 3.9 mol of methanol per liter. The expected methanol concentrations in the sample after the addition of the various amounts of the formaldehyde solution were calculated, taking into account the amount of methanol already present within the stock solution of formaldehyde. Only when this correction was made was it possible to conclude that formaldehyde does not interfere with the methanol measurement, even if the final formaldehyde concentration in the sample is very high (24.6 mmol/L).
In any case, any interference by formaldehyde has been obviated by pre-incubating the sample with formaldehyde Formaldehyde is a metabolite of methanol. Thus, theoretically, this product may be present in the samples of the intoxicated patients, but the concentrations must be extremely low (<0.3 mmol/L), barely detectable by the actual method of formaldehyde analysis (1) (2) (3) . In fact, it has never been possible to demonstrate the presence of notable Concentration amounts of formaldehyde in methanol-intoxicated patients In the umPl.b and animals. It is generally believed that formaldehyde is rapidly eliminated from the blood by reacting rapidly with the tissue proteins, or by rapid conversion to formic acid, or both. Its half-life in blood is believed to be about 1-2 mm. Thus the pre-incubation with formaldehyde dehydrogenase may be useless and could be deleted to shorten analysis time. More research is needed to define the highest concentration of formaldehyde that can be found in methanol poisoning. It should be possible to estimate the concentrations of endogenous formaldehyde in the sample from the initial absorbance reading taken after the addition of alcohol oxidase. The formaldehyde concentration in the sample can be calculated from the coefficient of absorption of NAD and the final dilution of the sample in the reacting medium. With experience in the application of this new method for methanol measurement, time will show if a pre-incubation period is really needed.
The two versions of the method described here are suitable for application in the general clinical chemistry laboratory. The automated version is more sensitive, easier to do, and requires fivefold less reagent than the manual protocol. The reagent cost is low in either case: respectively $0.12 and $0.60 per test.
A drawback of the method as compared with gas chroma-tography is the limited stability of the reagents. From my experience, formaldehyde dehydrogenase solutions are more stable than alcohol oxidase solutions (several weeks at 4#{176}C vs one week), and if samples are seldom submitted for methanol analysis, it is then necessary to make new solutions of the enzymes each time the analysis is run. The enzymes are best kept in the lyophiuized form; keeping the powdered enzymes as supplied by the manufacturer in small individual fractions would help minimize costs of assay of the occasional specimen.
